This paper provides a comparison of spline-based registration methods applied to register interventional Trans Rectal Ultrasound (TRUS) and pre-acquired Magnetic Resonance (MR) prostate images for needle guided prostate biopsy. B-splines and Thin-plate Splines (TPS) are the most prevalent spline-based approaches to achieve deformable registration. Pertaining to the strategic selection of correspondences for the TPS registration, we use an automatic method already proposed in our previous work to generate correspondences in the MR and US prostate images. The method exploits the prostate geometry with the principal components of the segmented prostate as the underlying framework and involves a triangulation approach. The correspondences are generated with successive refinements and Normalized Mutual Information (NMI) is employed to determine the optimal number of correspondences required to achieve TPS registration. B-spline registration with successive grid refinements are consecutively applied for a significant comparison of the impact of the strategically chosen correspondences on the TPS registration against the uniform B-spline control grids. The experimental results are validated on 4 patient datasets. Dice Similarity Coefficient (DSC) is used as a measure of the registration accuracy. Average DSC values of 0.97 ± 0.01 and 0.95 ± 0.03 are achieved for the TPS and B-spline registrations respectively. B-spline registration is observed to be more computationally expensive than the TPS registration with average execution times of 128.09 ± 21.70 seconds and 62.83 ± 32.77 seconds respectively for images with maximum width of 264 pixels and a maximum height of 211 pixels.
INTRODUCTION
Countries in Europe and USA have been following prostate cancer screening programs since last 15 years. A patient with abnormal findings after a digital rectal examination, serum Prostate Specific Antigen (PSA) level over 4.0ng/ml and PSA velocity more than 0.4 to 0.75ng/ml/yr is generally advised with a prostate biopsy for histopathological examination of the prostate tissues to diagnose benign or malignant lesions. The most common appearance of malignant lesions in a TRUS guided needle biopsy is hypoechoic. The accuracy of sonographic finding of hypoechoic prostate cancer lesions is typically 43%. 1 The prevalence of isoechoic prostate cancer lesions on TRUS ranges from 25% − 42%. To uncover these isoechoic lesions, urologists adopt a multi core biopsy technique and strategically extract 6-11 biopsy samples. However, the multi core biopsy technique often fails to uncover the malignant lesions and the number of re-biopsies increase. Intending to solve this problem, a registration method is employed to fuse the TRUS image with a preacquired corresponding MR prostate image resliced from a MR volume.
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A deformable registration method needs to be applied to accommodate the deformations of the prostate in the respective modalities due to different patient positions on the couch, full bladder, bowel and gas in rectum, insertion of the endorectal probe and inflation of the endorectal balloon inside the rectum during MRI.
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In this work, the possibilities of using B-splines or TPS for deformable registration with their accuracies and complexities involved during interventional biopsy procedures are being explored. An existing method to generate correspondences are used for TPS registration. 7 The results show that the TPS registration method fuses the TRUS and MR prostate images efficiently and accurately in case of large deformations than the traditional B-spline method with uniform control points .
The remaining of the paper is organized in the following manner. Section 2 provides a short description of the method of correspondences and the TPS registration that uses such correspondences. Section 3 describes the B-spline registration method. Section 4 provides the results and discussions followed by conclusions in section 5.
THIN-PLATE SPLINES REGISTRATION
The first part of this section briefly describes the previously established correspondence method followed by a detailed explanation of TPS formulation in the second part.
Automatic Correspondences
In our work, the prostate regions are segmented manually from the corresponding MR and Ultra Sound (US) images. However, we are also investigating on automatic prostate segmentation. 8 The US image is treated as the reference and the MR as the moving image. The TPS registration involves a set of correspondences generated by a geometric method based on the geometry of the segmented prostate contours in the respective modalities. The principal axes of the prostate obtained from PCA of the contour are used as the underlying framework for our algorithm. The US image principal axes are projected and centered on the MR prostate contour.
The method of generating correspondences is based on a triangulation approach in different levels. Let p i , where, i = 1, ..., n, n = 4 for level r = 0, represent the the four intersections of the principal axes with the prostate contour. With the final level R, the algorithm is as follows:
1. Level r = 1. 
) comprise the triangulated region of the prostate between p i and p i+1 .
6. Repeat Steps 3-5 until p i = p n and p i+1 = p 1 .
If r <= R, then update n = 2n and r
.., n and repeat from Step 3. Else, end the loop. Fig. 1 shows the triangulation method for three subsequent levels and the obtained correspondence points. For accurate deformation certain correspondences are also generated inside the prostate contour that are the q i of level r = 1 (see Fig. 1(b) ).
After each level of correspondences being generated, a TPS registration is performed and the resulting NMI is computed to measure the similarity between the transformed moving image and the reference image. The level at which the maximum NMI is obtained is considered as the optimal level of correspondences. A detailed description of the method is available in Mitra et al. 
Formulation of TPS
The thin-plate spline is a commonly used basis function in 2D-Euclidean space 9 to map the coordinates of a moving image into a reference image, when a set of homologous correspondence points are established in both images. In its extended form, the deformable TPS model includes the affine model as a special case.
. . , n represent two sets of corresponding landmarks in the moving and reference images respectively, then, the TPS interpolation f (x, y) minimizes the bending energy
and has the form
where, U (r) = r 2 log r, a 1 , a x and a y are the affine parameters and w i s are the TPS parameters and f (x, y) should have square integrable derivatives if
The boundary conditions yields a linear system of equation for the TPS coefficients and could be solved analytically as
where, K is a n × n matrix and
O is a 3 × 3 matrix of zeros, o is a 3 × 1 column vector of zeros, w and q are column vectors of w i s and q j s respectively, a is a column vector of the affine parameters a 1 , a x and a y .
Localization errors of the correspondence points may be considered by extending the interpolation to regularization.
10 This is accomplished by the minimization of
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The covariance σ 2 i is the sum of the covariances of the points p i and q i and λ = 0.01 is the regularization term. Therefore, the TPS linear system of equations in (3) may be rewritten as
where,
Introducing the term nλC −1 yields a better conditioned linear system and a robust numerical solution. Finally, (4) is framed as
and solved as
B-SPLINES REGISTRATION
A common technique to represent a free-form deformation is to employ spline functions as B-splines. 11 B-splines consist of set of control points that can be locally controlled on the image domain. Although, the original Bsplines equation is formulated for 3D-deformable objects, 11, 12 the spline functions in this paper are represented for 2D images.
Let Ω = {(x, y)|0 ≤ x < X, 0 ≤ y < Y } represent the image domain. The transformation between the floating and reference images is given by T:(x, y) → (x , y ), where any point (x, y) of the floating image is mapped onto its corresponding point (x , y ) on the reference image. Given a mesh of control points (Φ) on the floating image as φ i,j with uniform spacing of δ mm, the nonrigid transformation T is defined by B-spline functions as
where i = x/δ − 1, j = y/δ − 1, u = x/δ − x/δ and v = y/δ − y/δ . B l represents the l th basis function of the cubic B-spline functions such that
The B-spline free-form deformations are locally controlled because the deformation at any point (x, y) is controlled by its neighboring 4 × 4 control points. B-splines provide a wide range of deformations by organizing the mesh of control points and the images in a hierarchy, 13 i.e. the distance between the control points increase introducing more control points while the images move from coarser to finer levels. The B-spline control points grid refinement is done using the standard splitting matrix.
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The similarity measure used for B-splines deformation is NMI between the moving (M ) and the reference (R) images 15 and is given by
where H(M ) and H(R) are the marginal entropies of the moving and reference images respectively, and H(M, R) is the joint entropy of the images. Therefore, the cost function for optimization is defined as
The optimization is solved using a quasi-Newton optimization method as "Limited Memory Broyden-FletcherGlodfarb-Shanno" (L-BFGS) algorithm. 
RESULTS AND DISCUSSIONS
Datasets of 4 patients are used to evaluate the results of B-spline with uniform control grids and TPS registration with our method of correspondences. The axial middle slices of US/MR are primarily used in this experiment. The TRUS images are acquired by SIEMENS ACUSON and the T2-weighted MR volumes by GE Signa HDx 1.5 Tesla machines. B-spline registration with initial uniform grid spacing of 64 × 64 pixels is implemented. Grid refinements are done up to 2 levels over the initial control grid to improve the accuracy of registration. Similarly, TPS registration is implemented on the basis of correspondences generated at each level from 1 to 3. For a meaningful comparison both the registration methods involve control grid or correspondence refinements up to 3 levels, with an exception that the moving image is always transformed with the TPS parameters after each level of correspondences are being generated. Table 1 shows the quantitative comparison of B-spline and TPS in terms of optimal correspondence points, control grids, time and DSC values. The initial grid number depends on uniform 64 × 64 pixel spacing and the image size. It is observed from our experiments that the best registration results in terms of the resulting DSC values are always obtained with level 3 control grid for B-splines. However, as shown in Table 1 , accurate registration results are obtained also with varied levels of correspondences for the TPS interpolation. It is observed from Table 1 that B-spline requires more time than TPS registration for each patient. This is due to the optimizer involved with B-spline that tries to maximize the NMI with increased number of control grids. In contrast, TPS framework involves a linear system of equations that can be solved easily with least-squares method and works accurately with lesser correspondences. Patient 3 shows a slight increase in DSC value with B-spline than TPS at the cost of more control points and time. Table 2 shows the NMI values for each patient to determine the optimal level of correspondences, i.e. the column corresponding to the maximum NMI value for a patient. Fig . 2 shows the registration results with TPS from optimal correspondences and B-spline with level 3 refinement of control grid. We observe that TPS and B-spline provide qualitatively similar results for patients 1, 2 and 3, while B-spline registration completely fails for patient 4. It is to be noted that the B-spline registration involves uniform control grid placed over the MR images. We have observed from our experiments that refinement of control grid after level 3 does not improve the B-spline results and sometimes deteriorated results are obtained both with B-splines and TPS with the current resolution of the images. Fig. 3 shows the TPS registration qualities for patient 4 at different levels of correspondences that are in conformity with the NMI values of Table  2 . All the implementations are done in MATLAB R2009b with Core2Duo 1.66 GHz processor and 2GB memory.
CONCLUSIONS AND FUTURE WORKS
TPS registration using point correspondences automatically generated on interventional TRUS and preacquired MR prostate images has been proposed. Significant comparisons in terms of registration accuracy and efficiency between commonly used spline-based registration techniques like B-spline with uniform control grids and TPS with our previously established method of correspondences have been presented. It has been observed that TPS performs more accurate and time efficient registrations than B-splines. NMI used to determine the optimal level of correspondences used for the TPS registration always provided high values for the optimal level for all the analyzed cases.
In the future, we propose to extend our method of generating correspondences for registration of 3D volumes. The correspondence generation method with TPS would be of practical significance for slice to volume registration during TRUS interventional biopsy with the parallelization of the processes at different levels using a GPU.
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